We study a classically scale-invariant model with an electroweak singlet scalar mediator together with a scalar dark matter multiplet of global O(N ) symmetry. Our most general conformally invariant scalar potential generates the electroweak symmetry breaking via the Coleman-Weinberg mechanism, and the new scalar singlet acquires its mass through radiative corrections of the SM particles and the scalar dark matter. Taking into account the collider bounds, we present the allowed region of new physics parameters satisfying the recent measurement of relic abundance. With the obtained parameter sets, we predict the elastic scattering cross section of the new scalar multiplet into target nuclei for a direct detection of the dark matter. We also perform a full analysis with arbitrary set of parameters for N ≥ 2, and discuss the implication of the constraints from the on-going direct and indirect detections of dark matter.
I. INTRODUCTION
Since the discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] , the Standard Model (SM) has been remaining quite successful in spite of many experimental pursuits of physics beyond the SM (BSM). Nevertheless, the story has not been completed yet: Higgs self coupling λ h should be measured to prove or disprove whether the Higgs mechanism is the root cause of the Electroweak Symmetry Breaking (EWSB) or not. Besides this lack of the experimental confirmation of the EWSB mechanism, there are still many open questions both theoretically and phenomenologically. Among them are the gauge hierarchy problem that addresses the smallness of the EWSB scale compared to the Planck scale M P , and non-baryonic dark matter (DM) of the Universe.
In 1995, Bardeen [3] suggested that softly broken conformal (scale) invariance could be a possible solution for the hierarchy problem. If conformal invariance is assumed at classical level, there is no dimensionful parameter in the Lagrangian and conformal symmetry is broken only logarithmically through the conformal anomaly with dimension-4 operators at quantum level. Many works have been done along this line with the EWSB by dimensional transmutation [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , or radiative mechanisms of Coleman-Weinberg (CW) [75] types. In many of those works, the DM models are embedded at the same time. Incorporating the DM in a conformally invariant setup is highly motivated since in both cases BSM particles are required. For example, a naive Coleman-Weinberg type of the model suffers instability arising from radiative corrections because of the large top-quark mass, so it should be stabilized with the introduction of additional bosonic degrees of freedom. As one of the simplest extensions of the SM, one can introduce a gauge-singlet Higgs-portal scalar DM, and make it stabilize the Higgs mass via the CW mechanism as shown in Refs. [56, 57] . However, generating a proper Higgs mass requires a large enough mass of the scalar DM, so that the Higgs-scalar couplings become too large. As a result, this kind of a simple setup makes the theory non-perturbative at a few TeV scale, which is undesirable. This issue can be resolved by separating the new scalar responsible for the EWSB from the DM sector.
In this work, we propose the conformally invariant DM model which contains an SU (2) doublet Higgs field, a scalar mediator together with hidden sector scalar particles with O(N ) global symmetry for the stability of the hidden sector. With the most general conformally invariant Lagrangian, we employ the framework of Gildener-Weinberg (GW) [76] , where a flat direction at tree-level is lifted by radiative corrections. In this way, the vacuum structure is determined and a light pseudo Nambu-Goldstone boson, called 'scalon', appears as a result of conformal symmetry breaking. Through its mixing with the SM-like Higgs boson, two light scalar particles emerge in the model that interact with both visible and hidden sectors. In particular, there exist contact interactions of the DMs and, as a result, the model takes the form of so-called the 'secluded' DM [77] scenarios as a conformally invariant version. This paper is organized as follows. In Sec. II, we describe the model in detail including the determination of the flat direction in a similar manner to the GW framework. Next, the effective potential obtained by the CW mechanism and the radiatively induced scalar masses are presented at one-loop level in Sec. III. In Sec. IV, we provide a detailed phenomenological analysis of the DM physics such as the relic density and the direct detection. Section V is devoted to a summary and the conclusion.
II. MODEL
We consider a dark sector consisting of two classically massless real scalar fields S and φ, which are SM gauge singlets. The scalar mediator S is responsible for the EWSB together with the SM Higgs doublet H, and the scalar φ is a DM candidate chosen to be the fundamental representation of a global
T . The extended Higgs sector Lagrangian with the renormalizable DM interactions is then given by
where the scale-invariant scalar potential is
A similar model was studied recently for N = 2 case in Refs. [64, 73] , but they simply assumed λ hφ = 0 in order to decouple the DM sector from the SM Higgs. In general, however, such an interaction term is not forbidden by a discrete symmetry such as Z 2 symmetry theoretically, and also it is very important to explain the current astronomical observables phenomenologically, as we will show in Sec. V. After the EWSB, the DM scalar φ takes a vanishing VEV while the neutral component of the SM Higgs and the singlet scalar S develop nonzero VEVs, H 0 = v h / √ 2 and S = v s , respectively. Adopting the GW approach, we
where s 2θ ≡ sin 2θ. Note that we have discarded some of the scalar interaction terms in the potential in Eq. (8) by imposing the constraints in Eq. (3). For instance, the h 1 h 2 2 interaction is absent because the relevant Higgs-scalar coupling c 122 ∝ 1 − t β t θ vanishes under the constraint t θ = 1/t β . Therefore, even if the radiatively generated h 2 mass is less than a half of the h 1 mass, the partial decay width Γ (h 1 → h 2 h 2 ) is negligible and our model is not constrained by the invisible Higgs decay measurements.
III. EFFECTIVE POTENTIAL
The original approach of GW expressed the one-loop effective potential in terms of the spherical-coordinate (radial) field of the scalar gauge eigenstates. Rather differently, we derive the effective potential with the physical eigenstates of the scalars and obtain the scalar masses at one-loop level directly. Let the background value of the physical scalar h i be h ic . Then the effective potential is obtained by expanding the interaction terms in the Lagrangian around the background fields h ic and by keeping terms quadratic in fluctuating fields only. From Eq. (8), the effective potential at one-loop level is given by
with
where c P = 3/2 (5/6) for scalars and fermions (gauge bosons) in the MS scheme and µ is a renormalization scale. m P is a field-dependent mass and the summation is over the particle species of fuctuating fields P = h 1,2 , Z, W ± , t, φ i and their degrees of freedoms (n P ) are given as follows
Taking the flat direction of the VEVs, we minimize the effective potential at h 1c = 0 and h 2c = v, which corresponds to h c = v h and s c = v s in terms of the background values of the scalar gauge eigenstates. The field-dependent mass m P (h ic ) is proportional to h ic , so thatm P (h 1c ) is irrelevant to our study because ∂m P (h 1c )/∂h 1c | h1c=0 = 0. The relevant field-dependent masses for h 2c are obtained as
The masses of the physical scalars h i can be directly obtained by taking the second-order derivatives of the effective potential with respect to the classical background fields h ic as
Although we have employed the strategy somewhat different from those of earlier studies following the GW approach in Refs. [50, 64] , the final results for the scalar masses are equivalent. One can read off the inequality N M
Z from Eq. (13) and find that M φ 265 GeV for N = 2. In total, besides N , we have five independent model parameters relevant to DM phenomenology. The four model parameters λ h , v s , λ hφ , and λ sφ determine the masses M 1,2 , M φ , and the mixing angle θ, while the DM self coupling λ φ is irrelevant to our study on the DM-SM interactions. The dependency of the model parameters are that includes the CalcHEP for computing the relevant annihilation cross sections, we compute the DM relic density and the spin-independent DM-nucleon scattering cross sections.
The relic density is determined by solving the Boltzmann equation, which contains the thermal average of the cross section times DM velocity v DM as a proportional factor. By expanding this factor in powers of v DM , we find that
The relevant Feynman diagrams are shown in Fig. 1 
where g SM indicates a coupling of h i and the SM particle interactions. Note that the λ sφ scales as M 2 φ as shown in Eq. (14) . Nevertheless, the expression in Eq. (17) demonstrates that the actual contribution of λ sφ to σv DM first emerges only at the next-to-leading order in M 
Substituting this |M| into Eq. (16), we obtain σv DM . The leading contribution of λ hφ to σv DM scales as 1/M 2 φ while that of λ sφ scales as M 2 φ . As a result, as the DM mass increases, the contributions of λ hφ and λ sφ to the relic density vary in opposite directions: the relic density is enhanced by λ hφ -dependent interaction and is reduced by the λ sφ counterpart.
The numerical results for the relic density are shown in Fig. 2 . We choose four different values of the mixing angle t θ = 0.05, 0.1, 0.15, and 0.2 as benchmark points. The left panel of Fig. 2 shows the behavior of the relic density as a function of the DM mass for λ hφ = 0.01. At this value of λ hφ , the λ hφ contribution is negligible unless t θ is very small. This generic suppression is originated from the scaling rule λ sφ ∼ t 2 θ given in Eq. (14) . Thus, only for t θ =0.05 and for the small DM mass, λ hφ contribution can compete with λ sφ 's and a local maximum appears. For other values of t θ , λ sφ contribution dominates and relic density is a decreasing function of the DM mass M φ as shown in the figure. The right panel shows the case of λ hφ =0.3, in which the λ hφ contributions are not negligible at all. In that case, for small values of DM mass, λ hφ contributions are dominant and the relic density is increasing as we increase the DM mass. In the case of large DM masses, λ sφ is enhanced and its contributions make the relic density a decreasing function of the DM mass. Again, the mixing angle suppression of the λ sφ makes the overturn of the relic density take place at larger DM mass when t θ is smaller. The dotted vertical line represents the minimally allowed DM mass which is determined by the condition of non-tachyonic mass for h 2 , the pseudo Goldstone boson of the spontaneously broken conformal symmetry of the model. If there is an O(2) symmetry in the hidden sector, it means that there exist two exactly the same copies of the DM, and the minimum value of their masses is about ∼ 265 GeV.
In Fig. 3 , we show the parameter space satisfying the observed relic density in 3σ range for four different values of the mixing angles t θ =0.05, 0.1, 0.15 and 0.2. We have imposed the perturbativity constraints to all of the dimensionless couplings in such a way that they should be smaller than 4π, and the DM mass has been scanned up to 2 TeV. Precise measurements of the relic density result in strong correlations between λ hφ and the DM mass M φ , which is directly related to λ sφ , depending on the mixing angle t θ . Since λ sφ has a factor t 2 θ as addressed in the previous paragraph, it is easy to see that the larger values of λ hφ are disfavored by the observed relic density for large mixing angles. Another interesting point is that there exists an upper bound for the DM mass for the given values of the mixing angle θ. Next, let us consider the implications of the direct detection experiments on the model. Non-observation of DMnucleon scattering events is interpreted as an upper bound on DM-nucleon cross section. The most stringent bound is given by Xenon1T experiment [81] in 2018. Around the same time, LUX [82] and PandaX-II [83] collaborations reported similar but slightly less stringent results. The DM-nucleon scattering occurs only through the two t-channel diagrams exchanging h 1 and h 2 that are shown in Fig. 4 . The cross section for this elastic scattering of the highly non-relativistic DM is well approximated by expanding the amplitude in powers of the velocity v DM of the DM:
θ , the mixing angle dependence disappears in the small DM mass limit. This property is clearly observed in Fig. 5 . As we increase the DM mass, λ sφ increases as well and h 1 contributions become more significant. The cross sections hit those minima when M 2 M 1 and increase again mainly due to λ sφ . Such a behavior is obviously revealed in the first figure in Fig. 5 where λ hφ = 0.01 is small enough to be neglected. When λ hφ is large, a dip appears for slightly heavier h 2 . This manifests itself in Fig. 5 in such a way that the locations of the dip is moved to the right, in the larger DM mass area for larger values of λ hφ . The points allowed by the relic density measurement is also presented as thick bands. In Fig. 6 , we show the allowed parameter sets of M φ and M 2 over the parameter space,
All of the points are consistent with the relic density measurements within 3σ range, and the thick region is allowed by the direct detection measurement bounds. This is our main prediction of the extra scalar mass M 2 and the mixing angle θ, depending on the DM mass M φ . We also provide with a lower bound around ∼ 988 GeV for the DM mass M φ , which is valid for all O(N ) types of model with N ≥ 2. It is straightforward to extend our model to have O(N ) symmetry to stabilize the DM in the hidden sector. It corresponds to the case that there exist N copies of the DM with the identical properties except that the minimum value for the DM mass M φ can be lowered according to Eq. since the more we have the DM species, the smaller those portion to the relic density should be, which means the larger annihilation cross section of one species of the DM. This effect is demonstrated with the aid of color contours in Fig. 7 . We also find that there are no allowed parameter sets for t θ ≤ 0.05. If we increase the mixing angle, more allowed points are obtained but the mixing angle cannot be too large. For example, there are no allowed points for N = 2 when t θ = 0.2 with the DM mass up to 2 TeV.
A few comments on other experimental constraints are in order. There are observational constraints on DM annihilation cross section such as Fermi-LAT [84] and H.E.S.S. [85] measurements. They give stringent limits on the annihilation cross sections of the DM, especially on bb and ττ . But those constraints grow stronger for a lighter DM mass, around less than 800 GeV, while our model prefers DM mass heavier than about 1 TeV. Furthermore, in the high mass region, our model predicts far smaller cross sections than the experimental constraints. More recently, Profumo et al. [93] suggested that the annihilation cross section of the DM to a mediator pair can be constrained by considering their successive decays to SM particles. They showed that the upper bound of the annihilation cross sections must be σv DM ∼ 10 −25 cm 3 /s for the DM mass around 1 TeV. In our model, the DM annihilation to an h 1 pair was considered and its value lies around ∼ 10 −26 cm 3 /s which is well below their bound when multiplied by the branching fractions of the SM-like Higgs boson to SM particles, of which values is smaller than a few percent. Since there is an extra scalar mediator in our model, we should also consider the observational constraint to the extra scalar particle. Big Bang Nucleosynthesis (BBN) gives a constraint on the lifetime of the extra scalar particle h 2 less than 1 second [86, 87] , and it is well satisfied in our model. There are also constraints from the collider experiments. Our choice of the mixing angle t θ ≤ 0.2 is quite safe against the LEP2 constraints since the h 2 mass is below around 300 GeV for the DM mass up to 2 TeV. Non-observation of Higgs-like particles in the high-mass Higgs searches through W W and ZZ modes [88] [89] [90] at the LHC also provides additional constraints under which our model still survives. There are also constraints on the mixing angle from the signal strength measurements by ATLAS [91] and CMS [92] collaborations, but they do not give severe restrictions to our analysis either.
V. SUMMARY AND CONCLUSION
In summary, we studied a classically scale-invariant DM model of scalar dark matters. The model extends the Higgs sector to have an additional electroweak singlet scalar mediator, scalon, together with a scalar multiplet of global O(N ) symmetry, and the electroweak symmetry is broken via the CW mechanism. The scalon serves as the pseudo NambuGoldstone boson of scale symmetry breaking, and the scalar multiplet φ can be the viable DM candidate. The DM scalar φ couples directly to the SM Higgs with the coupling λ hφ which plays an important role in DM phenomenology.
With the most general conformally invariant Lagrangian, we employed the framework of GW, where a flat direction at tree level is lifted by radiative corrections. Through the mixing of the scalon with the SM-like Higgs boson, two light scalar particles h 1 and h 2 emerge in the model that interact with both visible and hidden sectors. After EWSB, the SM Higgs h 1 and the DM scalars φ have the tree-level masses while the new scalar singlet h 2 acquires its mass through radiative corrections of the SM particles and φ as obtained in Eq. (13) , so that h 2 mass M 2 is dependent on the scalar mixing angle θ and the DM mass M φ .
With three independent new parameters t θ , M φ , and λ hφ , we presented the allowed region of NP parameters satisfying the recent measurement of the relic abundance in Fig. 3 for N = 2 case. We also showed the spinindependent DM-nucleon scattering cross section of the scalar DM by varying the DM mass M φ with parameter sets allowed by the relic density observation, and compare the results with the observed upper limits from various experiments in Fig. 5 . In the figures, one can clearly see that the allowed parameter space constrained by the relic density observation are located in the mass region of M φ heavier than about 1 TeV. We performed the numerical analysis for θ ≤ 0.2, and the t θ ≤ 0.05 case is disfavored in this model due to the recent Xenon1T bound. For N > 2, we showed in Fig. 7 that having a too large value of N is disfavored especially due to the direct detection bounds. We also found that our model is not constrained by the current indirect detection bounds for the given parameter sets.
This model can be expanded by introducing complex scalars and/or a gauge symmetry in the hidden sector as well if necessary. Furthermore, our model can possibly resolve the unexplained anomalies in the CMB, so-called the small-scale problems in galaxy formation, due to the existence of the DM self coupling λ φ , and it will be given in our forthcoming studies.
